vates (Tsuchida et al., 1994; Appel et al., 1995) .
mice. First, the transient expression of dopamine-
Phox2 (now renamed Phox2a, see below) is a homeo-␤-hydroxylase in neuroblasts is abolished, providing domain protein whose expression pattern is limited to evidence that Phox2a controls noradrenergic traits in sets of differentiating neurons ; vivo. Second, the expression of the GDNF receptor Tiveron et al., 1996) : all ganglia of the peripheral autosubunit Ret is dramatically reduced, and there is a nomic nervous system; the distal, placode-derived commassive increase in apoptosis of ganglion cells, which ponents of the VIIth, IXth, and Xth cranial sensory ganare known to depend on GDNF in vivo. Therefore, glia (the geniculate, petrose, and nodose ganglia, Phox2a appears to regulate conventional differentiarespectively); and some hindbrain nuclei, including tion traits and the ability of neurons to respond to all noradrenergic centers. One striking correlate that essential survival factors.
emerges from the survey of Phox2a expression sites is that Phox2a is expressed in all neurons that, permaIntroduction nently or transiently, express features of the (nor)adrenergic phenotype, and, in particular, the last enzyme Transcription factors provide probably the best markers of the norepinephrine synthesis pathway, dopaminefor the molecular description of the histogenesis of the ␤-hydroxylase (DBH) ; Tiveron et vertebrate nervous system. In the central nervous sysal., 1996) . We recently isolated a closely related protein, tem, some of them define broad domains of the proliferaPhox2b, with an identical homeodomain, expressed in tive neuroepithelium before any morphological landa very similar but distinct pattern (A. Pattyn, X. M., C. G., mark is visible and are therefore thought to specify and J. F. B., unpublished data). regions of the nervous system. Others are selectively
To determine the role of Phox2a, we generated mice expressed in classes of neurons or neuroblasts and may with a null mutation in the Phox2a gene. We find that therefore control later stages of differentiation (reviewed Phox2a Ϫ/Ϫ mice completely lack a locus coeruleus (l.c.), by Rubenstein and Puelles, 1994; Bang and Goulding, the main noradrenergic center of the brain. Furthermore, 1996) . However, their precise role in neuronal (or reparasympathetic ganglia in the head are missing, and gional) specification has been difficult to analyse genetithe superior cervical ganglion as well as cranial sensory cally.
ganglia that normally express Phox2a are severely afIn invertebrates, gain-or loss-of-function mutations fected. Moreover, we show that the affected sensory of neuron-specific transcription factors often result in ganglia fail to express DBH transiently as they normally fate switches, providing a first insight in what part of do, providing in vivo evidence that Phox2a is a determithe differentiation pathway they control. In Drosophila, nant of the noradrenergic phenotype. We also show that for example, the homeodomain protein Cut, expressed they fail, for the most part, to express Ret, a receptor in sensory organ precursors, behaves like a "master subunit for the glial cell-derived neurotrophic factor (GDNF) on which they are known to depend in vivo . Therefore, Phox2a appears to co- ‡ These authors contributed equally to this work.
regulate classical differentiation features of some neu- their capacity to respond to essential trophic factors, mutant locus, which revealed the normal pattern of Phox2a expression in wild-type and heterozygous anithereby establishing a direct link between neuronal idenmals, did not give any signals on homozygous mutants tity and survival.
(not shown), arguing that the truncated message, presumably unstable, is unlikely to contribute any pheResults notype.
We created a null mutation in the mouse Phox2a gene Defects in Autonomic Ganglia by deleting the homeobox and all coding sequences
We examined the three divisions of the peripheral autodownstream ( Figure 1A ). The homeodomain is essential nomic nervous system, which normally express Phox2a to the function of homeodomain proteins, and homeo- Tiveron et al., 1996) : parasympabox deletions have been shown to behave like null muthetic, sympathetic, and enteric. tants of homeobox genes (e.g., Goddard et al., 1996) .
Parasympathetic Ganglia Correctly targeted embryonic stem (ES) cells were iden-
The parasympathetic ganglia of the head were examined tified by polymerase chain reaction (PCR) analysis, conat birth by conventional histological staining. The otic firmed by genomic Southern analysis, and injected into ganglion, normally in close apposition to the pterygopa-C57BL/6 host blastocysts to generate chimeric mice. latine artery (Figure 2A ), was missing in Phox2a Ϫ/Ϫ muGerm-line transmission was obtained with two indepentants ( Figure 2B ). The sphenopalatine ganglion, which dent clones, which gave rise to similar phenotypes. Mice appears as an elongated group of cells along the maxilhemizygous for the mutant allele did not show an obvilary branch of the trigeminal nerve, was also absent in ous phenotype and bred normally. Mice homozygous the mutants (not shown). At midgestation, neither the for the mutation were born in roughly Mendelian proporotic nor the sphenopalatine ganglia were detectable by tions. They were of normal size, without gross anatomiin situ hybridization for the panneuronal marker Ncam cal anomaly, and appeared to breathe normally, but they ( Figures 2C and 2D , and not shown), and the absence did not feed and died on the day of birth. Immunohistoof the cells was evident by Nomarski optics (not shown). chemistry with an anti-Phox2a antiserum (directed In contrast, the submandibular complex, as visualized against the C-terminus of the protein) did not give any by in situ hybridization for Ncam, was only partially afsignal, thereby confirming the correct targeting of the fected, with variable penetrance (not shown). The paralocus (not shown). We cannot formally exclude that the cardiac ganglia, which are the caudalmost identifiable isolated NH2 terminal peptide performs a function in ganglia, appeared normal ( Figures 2E and 2F ). Thus, mutant embryos. However, a 5Ј Phox2a cRNA probe, there is a rostrocaudal gradient in the degree to which parasympathetic ganglia depend on Phox2a. corresponding to the residual coding sequences in the (E and F) In situ hybridization with a Ret probe on parasagittal sections at E13.5 do not reveal any defect in the paracardiac ganglia (arrows) of the mutants (F) compared to control mice (E). Note that the ganglia along the esophagus (arrowheads), which normally express Phox2a, seem also unaffected by the mutation. a, aorta; h, heart; oe, esophagus; pa, pterygopalatine artery; and V, trigeminal ganglion. Scale bars ϭ 500 m, (A) and (B); 200 m, (C-F). In situ hybridization with a DBH probe on parasagittal sections of E11.5 mice does not reveal any difference at the level of the SCG between control (A) and mutant (B) mice. At this stage, the sympathetic chain consists in a column of DBH ϩ cells extending rostrally up to the level of vertebra C4 with a small gap (arrows) created by the subclavicular artery separating the cervical and thoracic levels. (C and D) At E13.5, in situ hybridization with an Ncam probe reveals a defect in the morphology of the SCG: in wild-type mice, it is a large fusiform ganglion whose rostral pole abuts the cochlea and whose caudal pole is in register with the 4th cervical vertebra (C). By contrast, in Phox2a Ϫ/Ϫ mice, the SCG is smaller, with an exaggerated constriction, which makes it appear split in many section planes. In addition, a second cervical ganglion is present, lying more caudally, still close to the stellate ganglion. The position of the stellate ganglion, seen on adjacent sections, is outlined. 2, dorsal root ganglion of C2; h, heart; sa, subclavicular artery; scg, superior cervical ganglion; sg, stellate ganglion. Scale bar ϭ 200 m.
Sympathetic Ganglia
Until E11.5, the sympathetic chain of wild-type and mutant mice consists of a column of DBH ϩ cells extending Phox2a is normally expressed in the sympathoadrenal lineage of the neural crest, as soon as these cells aggrerostrally up to the level of vertebra C4 (Figures 3A and 3B) . Two days later, in wild-type mice, the levels from gate next to the dorsal aorta to form the primary sympathetic chain and concomitantly with their expression of C7-C3 are devoid of DBH ϩ cells, while at the level of C1-C3, the superior cervical ganglion (SCG) has now tyrosine hydroxylase message (TH) and DBH Ernsberger et al., 1995; Tiveron et al., 1996) . formed ( Figure 3C ). This morphogenetic sequence has been attributed to a rostral migration of sympathetic This expression persists throughout embryogenesis and into postnatal stages. The early differentiation of the cells from the lower cervical level, which is eventually completely depleted (Rubin, 1985) . In Phox2a Ϫ/Ϫ E13.5 sympathetic chain, as monitored by in situ hybridization for Ncam, Ret, TH, or DBH, was not visibly affected in embryos, the SCG was smaller ( Figure 3D ) and, in all embryos examined (four/four), a second cervical ganPhox2a Ϫ/Ϫ embryos ( Figures 3A and 3B , and not shown). 
The cervical region of newborn mice was sectioned at 12 m. Neurons with a clear nucleus were counted in every fifth section (see Experimental Procedures). The values were not corrected for split nuclei. Student's T test: *p Ͻ 0.001, **p Ͻ 0.02.
glion was present, lying ventral to vertebrae C4-C6, (Figures 4G and 4H) . These results establish that the noradrenergic cells of the l.c. depend on Phox2a for close to the stellate ganglion, which appeared normal. This is most simply explained by the formation of a new proper differentiation and/or survival. Another hindbrain nucleus that expresses Phox2a, the "intermediate" ganglion, at the expense of the SCG, through a deficit in rostral cell migration. No other morfacial motor nucleus (Tiveron et al., 1996) , could be identified in the mutants by histological staining and apphological anomaly was observed in the rest of the sympathetic system, including the adrenal medulla. DBH peared normal (not shown). and TH expression was unaffected in all of these structures until E13.5, the last stage examined (Figures 3A, 3B, and not shown). The morphological anomaly of the Atrophy of Cranial Sensory Ganglia Formation of the distal VIIth, IXth, and Xth ganglia starts SCG persisted at birth (not shown). However, the size of the cervical complex, including the intermediate ganbetween E9.0 and E9.5, when neuronal progenitors delaminate from the epibranchial placodes and migrate glion, was not significantly different from that of the wild-type SCG (Table 1) .
toward the neural tube where they aggregate to form the ganglion primordia. At this stage, Phox2a is already Finally, we examined the myenteric plexus of Phox2a Ϫ/Ϫ embryos, using Ncam and Ret as probes but prominently expressed in the placodes, the delaminating neuroblasts, and the forming ganglia. Phox2a excould not detect any obvious anomaly ( Figures 2E, 2F , and not shown).
pression persists through midgestation but gradually disappears thereafter ; Tiveron et In summary, Phox2a is expressed in all ganglionic neurons of the peripheral autonomic system but seems al., 1996). In mutant neonates, the distal ganglionic complex of the IXth and Xth cranial nerves (petrose and necessary for the proper development of only a subset of sympathetic and parasympathetic ganglia. nodose ganglia) was severely atrophic (Figures 5A and 5B), whereas the proximal neural crest-derived part of these ganglia (the superior-jugular complex), which Absence of the Locus Coeruleus in Phox2a Ϫ/Ϫ Mice does not normally express Phox2a, was unaffected. Neuronal counts in the IXth and Xth distal ganglia reWe then examined the central nervous system of mutant neonates after histological staining. The l.c., easily devealed a 77% cell loss in newborn mutant animals ( Table  1 ). The distal (geniculate) ganglion of the VIIth nerve tectable on histologically stained coronal sections through the pons of wild-type mice as a compact group was also affected, albeit to a lesser extent (45% loss of neurons) (Table 1) . of large, darkly stained neurons in the lateral floor of the fourth ventricle ( Figure 4A ), was conspicuously absent Homozygous mutant embryos were analyzed to determine the stage at which the development of these ganin the brain stem of neonate mutant mice ( Figure 4B ). Complete lack of the l.c. was confirmed by in situ hybridglia was disrupted. Already at E13.5, the nodosepetrose ganglionic complex was visibly reduced in size ization for DBH ( Figures 4C and 4D) . Surprisingly, other (nor)adrenergic areas, including the locus subcoeruleus as assessed by in situ hybridization with an Ncam probe ( Figures 5C and 5D ). At earlier stages, Ncam was weakly and areas A1-C1, A2-C2, and A5, were apparently spared and expressed DBH (see Figures 4C and 4D for expressed even in wild-type embryos and could not be used as probe. We thus used immunohistochemistry the locus subcoeruleus; others not shown). The status of the l.c. was assessed at different stages of emwith antibodies to Class III ␤-tubulin, a very early marker of differentiating neurons (Easter et al., 1993) , to visualbryogenesis by in situ hybridization with a DBH probe. In E13.5 wild-type mice, it is detectable as a characterisize the ganglion anlagen at E10.5. No difference was visible between mutant and control embryos at this tically shaped column of DBH ϩ cells in the floor of the fourth ventricle ( Figure 4E ). No signal was detected in stage ( Figures 5E and 5F ). We also used as a marker the lacZ gene driven by a fragment of the human DBH Phox2a Ϫ/Ϫ mice, save for scattered DBH ϩ cells in the locus subcoeruleus region ( Figure 4F ). There was also promoter Mercer et al., 1991) , a convenient early marker for all cranial sensory neurons no detectable expression of TH in the l.c. proper (not shown). Whole-mount in situ hybridization with a DBH whose expression is unaffected by the Phox2a mutation. Whole-mount preparations of probe confirmed this finding at E10.5, the earliest time point at which the l.c. anlage is visible with this marker E10.5 embryos harboring the DBH-lacZ transgene and Table 1 either Phox2a ϩ/ϩ or Phox2a Ϫ/Ϫ were stained for ␤-galacganglia begin in knockout mice between E10.5 and E13.5. tosidase activity. The VIIth, IXth, and Xth ganglionic anlagen were brightly stained (as well as the trigeminal ganglion) and indistinguishable, with respect to size or Altered Gene Expression in Phox2a Ϫ/Ϫ Cranial Ganglia signal intensity, in mutant and wild-type embryos, confirming that, at this stage, there is no detectable loss of We made use of the time window during which cranial sensory ganglia are apparently spared to explore possicells yet (Figures 6D and 6E ). Very similar results were obtained by in situ hybridization with a lacZ probe (not ble anomalies in gene expression. The distal IXth and Xth cranial ganglia are known to express noradrenergic shown). Therefore, developmental anomalies in these traits as part of their initial differentiation program (Jonathe trigeminal) and spinal sensory ganglia, which contrasts with the low level expression of endogenous DBH, kait et al., 1984), thus offering a test of the hypothesized regulatory link between Phox2a and DBH. In wild-type confined to the distal VIIth, IXth, and Xth ganglia. A possible explanation is that the Phox2-dependent reguembryos, we could indeed detect DBH transcripts at E9.5 in the three ganglion anlagen that express Phox2a lation of the transgene is masked by the effects of a strong Phox2-independent panganglionic enhancer, ( Figure 6A ). There was a complete loss of DBH expression in Phox2a Ϫ/Ϫ mice ( Figure 6B ), implying that DBH which is inactive in the context of the endogenous promoter. is under the direct or indirect control of Phox2a in these ganglia.
We then looked for effects of the Phox2a mutation on the receptor tyrosine kinase, Ret, whose expression It may seem paradoxical, in view of the disappearance of endogenous DBH expression, that expression of the correlates with that of Phox2a in many parts of the peripheral nervous system (Pachnis et al., 1993) . In cranial DBH promoter-lacZ transgene was maintained in the mutants. However, as previously reported (Kapur et al., ganglia, Ret is expressed early on in the distal placodederived parts of the VIIth, IXth, and Xth ganglia, precisely 1991) and amply confirmed by us, the DBH-lacZ transgene is ectopically expressed at that stage; in parthose which also , 1996) . However, Phox2a expression clearly and nodoseϪ, which are atrophic in the mutants. In cranial ganglia, the existence of a time window before precedes that of Ret: it begins in the epibranchial ectodermal placodes and can be followed thereafter in deovert degeneration allowed us to explore the role of Phox2a at the molecular level. laminating neuroblasts and the aggregating ganglia anlagen, whereas Ret expression is initiated only once the cells coalesce to form the ganglia ( Figure 6C ). This
Cranial Ganglia Reveal Differentiation pattern of Ret expression was detectable on whole Events Controlled by Phox2a mounts of E10.5 wild-type embryos ( Figure 6F ) but was
The three cranial sensory ganglia that are part of the absent (in the VIIth and IXth ganglia) or greatly reduced visceral nervous system are markedly atrophic in (in the Xth ganglion) in the mutants ( Figure 6G ). We Phox2a Ϫ/Ϫ mice. However, this deficit appears relatively conclude that Ret expression is directly or indirectly late and is preceded by an ‫2ف‬ day window where the regulated by Phox2a in cranial ganglia.
ontogenesis of these ganglia appears to proceed norFinally, we analyzed the expression of the gene enmally. In particular, even though Phox2a is expressed coding the intermediate filament protein peripherin, in the epibranchial placodes from which these ganglia which is normally expressed in all neurons of the peripharise, it seems dispensable for the delamination of neueral nervous system (Escurat et al., 1990) . Whole-mount ronal progenitors, their aggregation into the ganglionic preparations of Phox2a ϩ/ϩ or Phox2a Ϫ/Ϫ E10.5 embryos anlagen, and their expression of some neuronal markers were hybridized with a peripherin cRNA probe. The anlasuch as ␤-tubulin and peripherin. However, we could gen of the VIIth, IXth, and Xth ganglia were readily visible detect two key alterations in gene expression in these in mutant and wild-type embryos ( Figures 6H and 6I) .
forming ganglia. These ganglion cells belong to the class Therefore, in Phox2a Ϫ/Ϫ mice, the epibranchial placof "transiently catecholaminergic" neurons, which exodes give rise to the normal complement of neuroblasts press DBH during development (Jonakait et al., 1984) . that delaminate and undergo the first phases of "geThis expression was abolished in the mutants, providing neric" neuronal differentiation, as exemplified by their the first in vivo evidence that Phox2a may regulate neuexpression of ␤-tubulin and peripherin. However, they rotransmitter phenotype. The only other transcription fail to express part of a more specific differentiation factor known to behave as a determinant of neurotransprogram, including transient expression of DBH and exmitter phenotype is another member of the PRX superpression of Ret.
class of homeodomain proteins (Bü rglin, 1994), Unc30, which controls the GABAergic phenotype in C. elegans Increased Cell Death in Mutant Cranial Ganglia (Jin et al., 1994) . Strikingly, one other major site affected Ret has recently been found to be part of the receptor in Phox2a mutants is the l.c., the main noradrenergic for GDNF (Durbec et al., 1996b; Jing et al., 1996 ; Treanor center of the brain, although we cannot prove that et al., 1996; Trupp et al., 1996) on which nodose ganglion Phox2a also controls DBH in this structure because we neurons depend in vitro (Buj-Bello et al., 1995; cannot detect the cells. al., 1995) and in vivo . We therefore
The second marker whose expression is abolished or sought to determine whether increased cell death may greatly reduced in these ganglia is the GDNF receptor contribute to the atrophy of the nodose-petrose gangliRet. GDNF, a member of the TGF␤ superfamily, is a onic complex, which fails to express Ret in the mutants.
survival factor for several classes of neurons in various Parasagittal sections of wild-type or mutant E11.5 emin vivo and in vitro models (Lin et al., 1993 ; Henderson bryos were processed for the TUNEL detection method et al., 1994; Beck et al., 1995 ; Oppenof apoptotic nuclei. Massive apoptotic cell death was heim et al., 1995; Yan et al., 1995) . GDNF promotes apparent in the IXth and Xth distal ganglia from mutants survival of chick nodose neurons in vitro (Buj-Bello et ( Figures 7B and 7D) , whereas very few, if any, apoptotic al., 1995; Trupp et al., 1995) , and in GDNF-deficient mice nuclei were seen in the controls (Figures 7A and 7C) .
produced by gene targeting, the distal IXth and Xth Therefore, the atrophy of these ganglia can be attribcranial ganglia are atrophic . Moreuted, at least in part, to an increase in cell death.
over, we show that in Phox2a Ϫ/Ϫ mice, these ganglia undergo a massive increase in apoptosis consistent with their having lost the capacity to respond to a survival Discussion factor. Taken together, these data argue that it is through the regulation of Ret expression that Phox2a exerts its Phox2a was known to be a marker of two domains of the central and peripheral nervous systems: (nor)adrenergic trophic control on these cranial ganglia. It will be important to examine Ret knockout mice (Schuchardt et al., neurons and the medullary control circuits of autonomic functions Tiveron et al., 1996) . 1994) for a similar deficit in these ganglia. Obviously, not all ganglion cells are affected, and it remains unresolved By generating a mouse defective for Phox2a, we have demonstrated that this transcription factor is in fact rewhether the neurons that are impervious to the GDNF or Phox2a mutations represent a random sample or a quired for the proper development of a subset of these structures: i) the locus coeruleus, the main noradrenerdefined subpopulation. The disappearance of the l.c. cannot be attributed to the same mechanism because gic center of the brain and ii) the parasympathetic ganglia of the head, both absent in the mutants; iii) the it does not express Ret until at least E13.5 (not shown) and, accordingly, is spared in GDNF knockout mice cervical sympathetic chain, which has abnormal morphology in the mutants; and iv) the three epibranchial Sá nchez et al., 1996) . Phox2a ϩ structures other than cranial ganglia and the placode-derived cranial ganglia Ϫgeniculate, petrose, l.c. express DBH (sympathetic ganglia; enteric neurothat express the factor. It is therefore difficult to uncouple the phenotypes of cells from their very existence. In blasts; and noradrenergic centers A1, A2, and A5) or this context, it is remarkable that we found Phox2a to Ret (sympathetic ganglia, enteric neuroblasts, some coregulate a conventional differentiation trait-a neuroparasympathetic ganglia, and the facial nucleus) and transmitter biosynthesis enzyme-and a receptor for a maintain that expression in the mutants. Remarkably, survival factor. How direct these regulations are remains these structures also retain Phox2b expression in the to be determined. A high affinity binding site for Phox2a mutants, which is compatible with a functional redunwas found in the DBH promoter (Tissier-Seta et al., dancy between the two genes in the control of Ret and 1993), and moderate transactivaton of DBH promoter DBH (A. Pattyn, X. M., C. G., and J.-F. B., unpublished activity by Phox2a has been reported in transient transdata).
fection experiments (Zellmer et al., 1995) . No data are currently available on the Ret promoter. Therefore, it is Phox2a and the Control of Neuronal Identity still possible that the coregulation of DBH and Ret is In vertebrates, changing the expression of transcription indirect and through different transcriptional cascades. factors does not always reveal their exact role in controlWhether direct or indirect, this coregulation could, if ling cell phenotypes, since the consequence of knockit is generalizable to other neuronal types, provide a simple mechanism for the tight link between neuronal out experiments, if any, is often the loss of those cells and from the neo cassette (5Ј-TCGACATT identity and survival that one can infer from many tran-GGGTGGAAACATTCCAG-3Ј). G418-resistant ES cells transfected scription factor knockout experiments. The biological with the control plasmid were used as a positive control for the PCR relevance of such a link may lie in the fact that it ensures analysis. DNA of PCR-positive clones was isolated (adapted from that only neurons that have engaged in the differentia- Miller et al., 1988) membranes (Laird et al., 1991) or by PCR analysis on DNA obtained It is striking that, whereas some Phox2a-expressing from embryonic tail or rear limb (Blaugrund et al., 1996) PCR and staining for galactosidase activity (Knittel et al., 1995) .
Experimental Procedures Histology
Newborn mice were given an overdose of anesthetic, skinned, fixed Construction of a Phox2a Targeting Vector in Bouin's solution (Sigma) for several days, decalcified, dehydrated, A clone (pG2.3) containing the entire Phox2a gene was isolated from and embedded in paraffin wax. Transverse and parasagittal sections a mouse C57BL/6J phage genomic library by hybridization with a of the head and neck were cut at 12 m and stained with Groat's 380 bp EcoRI-NruI 5Ј Phox2a cDNA fragment from clone pab903 hematoxylin and Mallory's trichrome (Mark et al., 1993) . . To generate the targeting construct
The total number of neurons in cranial ganglia was counted using (p⌬Phox2a), we first constructed a vector (pKO) containing a neoa protocol adapted from Piñ ó n et al. (1996) . The ganglionic profile resistance gene derived from the pMC1NeoPolyA vector (Mansour of every fifth section was drawn-excluding the areas containing et al., 1988) flanked in 5Ј with a multiple cloning site and separated only fibers-and its surface was measured using an image analysis in 3Ј from the HSV-tk cassette by a BamHI site. A 9 kb BamHI 3Ј program (Optimas). The average neuron density in each section was fragment of the Phox2a gene was inserted between the neo and quantified by counting all neurons having a clear nucleus in a defined HSV-tk genes of pKO and the short arm by inserting a PCR-generarea (2750 m 2 for the geniculate ganglion; 6950 m 2 for all the ated 1.25 kb 5Ј fragment into the NotI and SpeI sites 5Ј to the neo others). The total cross-sectional area of the ganglion was calcugene. For optimization and control of PCR analysis of recombination lated by adding the section areas and multiplying by 5. The total events, a control plasmid was generated by insertion, instead of the number of neurons in the ganglion was calculated from this value 1.25 kb short arm, of a 1.33 kb PCR fragment, 80 bp longer on the and the average neuron density (the neuron density did not differ 5Ј side.
significantly from one section to another in a given individual but differed between individuals).
ES Cell Culture
The ES cell line E14-1 was cultured on mitomycine C-inactivated,
In Situ Hybridization and Immunohistochemistry G418-resistant primary mouse embryonic fibroblasts. ES cells (10 7 )
Nonradioactive antisense RNA probes for DBH, TH, Ncam, periphwere transfected by electroporation (BioRad Gene Pulser; 240 V; erin, and Ret were labeled using the DIG RNA labeling kit (Boehringer 500 F) with 25 g of targeting construct linearized with NotI. SelecMannheim), following the manufacturer's instructions. In situ hybridtion with 350 g/ml G418 (GIBCO BRL) and 2 M gancyclovir (Cyization and immunohistochemistry on sections as well as wholemevan; Syntex Laboratories) was applied. Double-resistant colonies mount in situ hybridization were performed as described by Tiveron were picked on days 11-13. Half of each colony was lysed for PCR et al. (1996) . Whole-mount immunohistochemistry was performed analysis, and the other half was seeded on 96-well plates and further according to Lee et al. (1995) . cultured. Colonies from PCR-positive pools were passaged on 24-Neurons undergoing apoptotic cell death in the petrose and nowell plates and individually tested by PCR. PCR-positive clones dose ganglia were detected by the TUNEL method, using the Apopwere then frozen and expanded for Southern blot analysis.
Tag detection kit (Oncor).
PCR Screening of Recombinant Clones Acknowledgments and Southern Blot Analysis
Double-resistant colonies were screened in pools of eight. After
We thank M.-C. Tiveron for contributing the c-ret/Phox2a doubleproteinase K treatment, samples were subjected to PCR using stanlabeling experiment, V. Pachnis for the c-ret probe, M.-M. Portier dard conditions. Primers, amplifying a 1.45 kb fragment, were derived from Phox2a genomic sequences in intron 1 (5Ј-ATGCCTTCTG for the peripherin probe, K. Rajewsky for the E14-1 cell line and
